We obtain a four-dimensional supergravity with spontaneously broken supersymmetry allowing for de Sitter vacua by coupling a superspace action of minimal N = 1, D = 4 supergravity to a locally supersymmetric generalization of the Volkov-Akulov goldstino action describing the dynamics of a space-filling non-BPS 3-brane in N = 1, D = 4 superspace. To the quadratic order in the goldstino field the obtained action coincides with earlier constructions of supergravities with nilpotent superfields, while matching the higher-order contributions will require a non-linear redefinition of fields. In the unitary gauge, in which the goldstino field is set to zero, the action coincides with that of Volkov and Soroka. We also show how a nilpotency constraint on a chiral curvature superfield emerges in this formulation.
Introduction
to a minimal N = 1, D = 4 off-shell supergravity multiplet (including auxiliary fields) formulated in curved superspace [43] . The system is described by the superfield action having a suggestive geometric form of the sum of three different volumes:
The first term corresponds to the standard pure supergravity action: κ 2 is the gravitational constant, z M = (x m , θ µ ,θν) are coordinates of the N = 1 D = 4 superspace, whose curved geometry is described by the supervielbein E A = dz M E A M (z) containing the fields of the minimal off-shell supergravity multiplet [44, 45, 43, 46] and Ber E is the usual Berezenian superspace measure (see [47, 48] for the detailed description of the superspace formulation). The second term gives rise to the anti-de-Sitter cosmological term and the corresponding mass (m) term for the gravitino field. Here E is the volume measure of the chiral subspace ζ
. The third term in (1.1) provides the full non-linear contribution of the space-filling 3-brane to the action. It couples to supergravity via its embedding
in the bulk superspace, where ξ i (i = 0, 1, 2, 3) are the brane worldvolume coordinates. det E(z(ξ)) denotes the determinant of E a i (z(ξ)) ≡ ∂ i z M E a M (z(ξ)), which is the pullback of the vector supervielbein E a (z) = dz M E a M (z) on the 3-brane worldvolume. f 2 is the 3-brane tension which gives a positive contribution to the cosmological constant and determines the supersymmetry breaking scale 2 . The two scales, m and f , determine the value of the cosmological constant Λ = f 2 − 3m 2 κ 2 , which can be positive, hence allowing for the existence of de Sitter vacua in this theory. For this reason the theory under consideration was dubbed de Sitter supergravity [4] . The action (1.1) thus provides its geometric formulation which is directly related to the 3-brane realization of the VolkovAkulov theory.
In order to highlight the conceptual distinction between this approach and the ones using constrained superfields, let us note that the 3-brane action is invariant under worldvolume diffeomorphisms ξ i → ξ ′i (ξ). This has the important consequence that the embedding field x m (ξ), which could be regarded as a bosonic 'superpartner' of the fermionic embedding field θ µ (ξ), carries only pure gauge degrees of freedom which can be eliminated without any need of imposing a nilpotency constraint. The connection with the Volkov-Akulov theory then becomes manifest if we gauge-fix the worldvolume diffeomorphisms by imposing the static gauge x m (ξ) = δ m i ξ i , i.e. by identifying the worldvolume coordinates with those of the four-dimensional bulk space-time, leaving only the VolkovAkulov goldstino θ µ (x) as the physical worldvolume field. Indeed, in the flat space limit this term of the action (1.1) reduces to the original Volkov-Akulov action [1, 2] .
Note that the 3-brane action does not have a Wess-Zumino term (simply because it does not exist in the minimal model under consideration) and does not possess kappasymmetry, which are intrinsic ingredients of the 1/2 BPS superbranes preserving, at least locally, half of bulk supersymmetry 3 . Hence, in our case the whole N = 1 bulk supersymmetry is spontaneously broken. In other words, the action (1.1) is manifestly invariant under the superdiffeomorphisms δz M (z) which incorporate the local supersymmetry transformations. Under such superdiffeomorphisms the embedding coordinates z M (ξ) must transform accordingly, z M (ξ) → z M (ξ) + δz M (z(ξ)), hence leading to the presence of the goldstino which (upon imposing the static gauge) transforms under supersymmetry in a non-linear way. This provides a simple low-energy realization of the same supersymmetry breaking mechanism generated by introducing anti-D-branes in string compactifications.
In the rest of the paper we will study the component field structure of the action (1.1). As we will see, the interaction of the goldstino fields with the supergravity multiplet is encoded in the 3-brane action via the dependence of the (pull-back of) the vector supervielbein E a (x, θ,θ) on the supergravity fields whose explicit form to all orders in ϑ we will derive in Section 2.2. In particular, the coupling of the 3-brane to a complex scalar auxiliary field of the "old minimal" supergravity produces a solution (in terms of the goldstino) of the nilpotency constraint on a chiral scalar curvature superfield R(z) similar to that used in [26, 3] to construct nilpotent supergravity models. We will then compare our action with the form of the dS supergravity action constructed with the use of the nilpotent goldstino superfield [4, 5] , and with the Volkov-Soroka model [10, 11] .
2 Component form of the N = 1 supergravity action coupled to the 3-brane
The main result of this paper is the derivation of the component form of the action (1.1). It is obtained by integrating the first two terms of (1.1) over the Grassmann-odd coordinates and fixing the static-gauge x m (ξ) = δ m i ξ i on the 3-brane, as described in the Introduction. We thus get the following action 4 (see Appendices A and B for our 3 The interaction of minimal Einstein supergravity with N = 1, D = 4 BPS branes (massless superparticle, superstring and supermembrane) was studied in [49, 50, 51] . 4 To bring the normalization of the fermionic kinetic and mass terms in this action to a canonical form one should re-scale the gravitino and the goldstino fields as follows ψ → 
notation and conventions):
S =S SG + S VA with and gravitino bilinears, the action exhibits quartic gravitino terms. Finally, G a , R and R = (R) * are the old minimal supergravity auxiliary fields. When m = 0, S SG reduces to the old minimal off-shell supergravity action derived in [44, 45] .
On the other hand, the coupling of the Volkov-Akulov goldstino to the supergravity fields is encoded in S VA , in which det E denotes the determinant of the worldvolume pullback of the bulk vector supervielbein
Here θ α (x) andθα(x) are the components of the Volkov-Akulov goldstino and the complicated non-linear structure of S VA is encoded in the θ-expansion of E a m (x, θ(x),θ(x)). Its explicit form will be discussed in detail in Section 2.2, but we anticipate some of its implications.
In the action (2.1) the auxiliary fields R and G a can be expressed in terms of the physical fields by solving their equations of motion
3a)
where E m a is inverse of E a m . As we will see, the auxiliary fields appear in E a (x, θ,θ) starting from the second order at most in quadratic combinations and may only appear linearly under the space-time derivative at the fourth order in θ,θ. So (2.3) are algebraic linear equations for R and G a , and are thus exactly solvable. In other words, the auxiliary fields can be integrated out in (2.1) by the standard Gaussian integration.
The bulk supergravity action S SG is invariant under the following local supersymmetry transformations of the supergravity fields with parameter ǫ α (x), see e.g. [47, 48] :
On the other hand, S VA is invariant under the combined action of (2.4) and the following supersymmetry variations of the goldstino 5) where the term with the derivatives of θ(x) appears in (2.5) because of a contribution of a worldvolume diffeomorphism required to preserve the static gauge x m (ξ) = δ m i ξ i . The form of ǫ α (x, θ,θ) and ǫ m (x, θ,θ) is determined from the requirement of the preservation of the Wess-Zumino gauge with the use of the procedure explained in Appendix D. To the second order in θ,θ we thus get 6) which explicitly shows that θ α (x) is a goldstino field which gets shifted and non-linearly transformed under supersymmetry, implying the spontaneous breaking of the latter.
In the rest of this section we discuss in more detail the derivation and the structure of this action.
N = 1, D = 4 AdS supergravity action
Let us start with a brief review of a derivation of the action S SG in (2.1). This corresponds to the bulk superspace contribution to (1.1):
It is well known (see e.g. [47] ) that in order to express (2.7) in terms of the component fields of the minimal off-shell supergravity one must use the supergravity constraints (see Appendix B) and impose the Wess-Zumino gauge, which fixes part of the superdiffeomorphisms so that what remains is local supersymmetry and four-dimensional diffeomorphisms. The Wess-Zumino gauge can be written in the form
where we have introduced the 4-component fermionic coordinates ϑμ = (θ µ ,θμ) and
is a Lorentz-algebra valued spin connection superform 5 . Note that in the Wess-Zumino gauge the indices of curved superspace fermionic coordinateŝ µ = (µ,μ) get converted into the SL(2, C) spinor indices (α,α) which we sometimes collect in 4-valuedα.
The fields of minimal N = 1 supergravity are the lowest (θ =θ = 0) components of the supervielbein and of the superfields R(z),R(z) and G a (z) appearing in the expressions for the superspace torsion and curvature (see Appendix B)
Notice that we denote the auxiliary fields R(x),R(x) and G a (x) with the same letters as their superfield counterparts.
Due to our choice of the torsion constraint, see Eq. (B.2a), the conventional supergravity connectionω ab (x) is related to the lowest component of Ω m ab as followŝ In what follows, to make expressions shorter, we will use the connectionω ab . In the Wess-Zumino gauge the chiral measure E has the following form
where Θ is a 'new Grassmann coordinate' defined in [47] and references therein.
The complete set of gauge fixing conditions of the Wess-Zumino gauge in the form of equations (2.8) can be found in [52, 53] as well as in easier accessible [49] .
6 Θ variable is defined [47] as a function of θ and other superspace coordinates (x andθ) by the requirement that the coefficients in the decomposition of the covariantly chiral superfield (DαΦ = 0) are given by the leading components of the covariant Grassmann derivatives D α Φ| 0 and −
. Then the chiral measure contains the standard Berezin integration with respect to Θ,
Notice that the volume of chiral superspace can be also written with the use of the complete superspace measure
Ber E R , but with the R superfield in the denominator.
So, integrating (2.7) over the fermionic coordinates we get the component field action S SG appearing in (2.1). If the complete action were just given by S SG , one could integrateout the auxiliary fields by substituting into S SG the solution of the associated equations of motion
This produces the N = 1 supergravity action with negative cosmological constant Λ = − 
(2.13)
In the next subsection we will discuss how this conclusion is modified by the presence of the 3-brane.
Coupling the 3-brane to supergravity
When we consider the coupling of supergravity to the 3-brane as in (1.1), the 3-brane back-reacts, i.e. contributes to the supergravity equations of motion and, in particular, to those of the auxiliary fields modifying them. Therefore, we cannot use the solutions (2.12) anymore and we should find their modification due to the presence of the 3-brane.
As already mentioned, after fixing the worldvolume diffeomorphism invariance by imposing the static gauge x m (ξ) = δ m i ξ i , the interaction of the Volkov-Akulov goldstino with the supergravity multiplet is encoded in the 3-brane action
via a complicated dependence of the supervielbein E a (x, θ,θ) on the supergravity component fields. To get the explicit form of this dependence we should expand E a (x, θ,θ) in powers of θ andθ. The series stops at the fifth order in the fermions (including dθ α and dθα).
To compute the θ-expansion of E A (x, θ,θ) in the Wess-Zumino gauge (2.8) we use the following well known procedure 7 . Let us again use the four-component fermionic coordinates ϑμ = (θ µ ,θμ) introduced in the previous section. We can then rescale them, ϑ → tϑ, and define the t-rescaled supervielbein
15)
7 Alternatively, one might adapt to our case the general expressions given in [55] (see Appendix E). Another alternative procedure to arrive at recurrent relations, described in [49] (going back to [52] and [53] ), uses the operator ϑα∂α = ϑαDα instead of where E A (n) (with n = 0, . . . , 5) stands for the term of order ϑ n in E A (x, ϑ) when t = 1. This trick allows us to identify the different components of the ϑ-expansion of E A by finding (2.15) order by order in t.
To this end, first of all we observe that, taking into account the Wess-Zumino gauge (2.8), we have (see Appendix B for a summary of the superspace geometry needed in the following)
Hence taking into account the supergravity constraints we get a system of equations which can be solved order by order in t
where we are implicitly using t-rescaled superfields. For our purposes, we are interested in computing the explicit form of the vector supervielbein E a (x, θ,θ). Eq. (2.17a) allows us to express E a (x, θ,θ) in terms of the ϑ-expansion of the fermionic vielbeins E α andĒα, namely,
On the other hand, one can use (2.17b) and (2.17c) to identify the first term in the ϑ-expansion of the spinorial supervielbein:
By plugging (2.19) back into (2.18) we can immediately read off the explicit expansion of E a up to the second order in ϑ:
Note that when the auxiliary fields are put to zero, the terms entering the second order expansions (2.19) and (2.20) coincide with the supervielbeins first constructed in [10] (see Section 3). One can then iterate the above procedure to identify the higher order terms. At the third order we obtain
where we have introduced
(2.22a)
(2.22c)
The forth and fifth order contributions to the ϑ-expansion of E a are
8 Note that the R-term and a part of contributions proportional to G a of (2.22b) do not enter the expression in the last line of (2.21) so that instead of (2.22b) one can substitute there a shorter expression
. Note also that when for the pure supergravity the equations of motion for the auxiliary fields are solved as in (2.12),T ȧ α (x) is proportional to the gravitino field equations.
where Dα is the spinorial covariant derivative defined in Appendix B and the expressions for the derivatives of R and G, like DG| 0 , DDG| 0 , DDR| 0 etc., in terms of space-time fields are given in Appendix C.
It is important to note that the auxiliary fields enter E a starting from the second order in ϑ. More precisely, the contribution of the auxiliary fields to E a (2) is linear, while in higher order terms of E a they appear at most quadratically. Furthermore, there are only linear terms in space-time derivatives of the auxiliary fields and they appear only at the quartic order. This means that in the 3-brane action (2.14) the auxiliary fields appear only linearly or quadratically and without derivatives (modulo integration by parts). As such, when the 3-brane action is coupled to the supergravity action S SG in (2.1), one can still explicitly solve the equations of motion of the auxiliary fields (2.3a) and (2.3b) modified by the presence of the goldstino fields.
Action to the second order in goldstino
Using the results of the previous subsection, one can straightforwardly write down the complete explicit expression of the 3-brane action S VA . However, in order to capture its main physical implications, we can just focus on the terms of this action which are linear and quadratic in the goldstino fields:
Upon substituting (2.24) into (2.1) and varying the latter with respect toR and G a we find the following solutions of the auxiliary field equations (2.3a) and (2.3b):
Substituting these solutions back into the action (2.1) we get
Modulo our conventions (see footnote 4), (2.26) coincides with the action of [4, 5] truncated to the second order in the goldstino.
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One can fix the local supersymmetry by imposing the unitary gauge in which the goldstino vanishes: 27) In this gauge, the action (2.26) drastically simplifies:
Notice that, in the unitary gauge, the higher order contributions which we have omitted in (2.26) vanish and then (2.28) provides the complete gauge-fixed action. Hence, in this gauge the effect of the Volkov-Akulov 3-brane is reduced to a positive contribution to the value of the cosmological constant
which can thus be positive and may give rise to a de Sitter vacuum as in [4, 5] . We expect that at higher orders in θ(x),θ(x) the form of our action will differ from that of [4, 5] and similar constructions based on the nilpotent goldstino superfield in the same way as the original rigid-supersymmetry Volkov-Akulov action differs from its 'constrained superfield' counterparts [21, 22, 14, 15, 23, 16, 17, 18] . To find the precise correspondence between the two formulations one should generalize the non-linear field redefinitions relating different forms of the Volkov-Akulov Lagrangian found in [56, 57] .
Emergence of constrained superfields
Let us now demonstrate how a constraint on the chiral scalar superfield R(z) = R(x, θ,θ) entering the supergravity torsion and curvature arises in this formulation as a consequence of its equation of motion. The expression (2.25) for the complex scalar R(x) to the second order in θ,θ is 2 θ 2θ2 which is the only quartic ϑ-term with constant coefficient (the same as in [4, 5] ), while the other quartic terms will contain supergravity fields.
to a nilpotency constraint involving the entire superfield R(z) similar to that used in [26, 3] to construct 'nilpotent supergravity' models. This constrained was also derived in [7] as an equation of motion of supergravity coupled to the nilpotent chiral superfield. As we will now show, this constraint is automatically solved by the superfield R(z) obeying its equation of motion also in our formulation.
Different ways to obtain superfield supergravity equations from superspace action by varying constrained supervielbeins were described in [43, 48, 58, 49] and references therein. With the use of the procedure of [49] we get
where Therefore, the right hand side of (2.31) is chiral, as it should be, because R(z) is a chiral superfield. Fixing the Wess-Zumino and the static gauge one finds that
Then, due to equation (2.31) we get
The form of this constraint is the same as one obtained in [7] and is similar to that used in [3] for the construction of nilpotent supergravity
However, the difference is that the parameter λ, which triggers supersymmetry breaking in the model of [3] , is (a priori ) not related to the gravitino "AdS mass" m.
A comment on the Volkov-Soroka supergravity action
In 1973 Volkov and Soroka [10, 11] coupled the Volkov-Akulov model to a simple supergravity multiplet consisting of the graviton and gravitino, and to a vector gauge field. We will now briefly sketch their construction omitting the coupling to the vector fields (for a more detailed review see [59] ) and show that in the unitary gauge the Volkov-Soroka action is the same as the one considered above. The Volkov-Soroka model was based on a general approach to the construction of phenomenological Lagrangians with non-linearly realized symmetries [60, 61, 62] and consisted in gauging the super-Poincaré group by introducing corresponding gauge fields e In the Volkov-Soroka constructionω m (x) is invariant under supersymmetry transformations. The Volkov-Soroka procedure of gauging the super-Poincaré group was essentially based on the idea to use the goldstino as a Stueckelberg-like field whose variation δϑ = −ǫ(x) compensates the local supersymmetry transformations of the graviton and the gravitino together with a Stueckelberg-like field X a (x) to compensate local Poincaré translations in the tangent space. The latter can be gauge-fixed to zero thus reducing the action of the Poincaré group in the tangent space to local Lorentz rotations. Superinvariant one-forms constructed in this way (compare with (2.19) and (2.20))
were used to construct an invariant action
3) Note that in this action the coefficients c, m and λ are arbitrary. Now, we can use the original supersymmetry transformations to put the goldstino field in this Lagrangian to zero, absorb the constant c in the re-scaled gravitino field
κ 2 ) and finally substitute the solution of theω field equation back in to the action (3.3)
10 . The result is the gauge-fixed action (2.28). Back to 1973, when constructing their supergravity action Volkov and Soroka were, probably, too much concentrated on the local supersymmetry breaking associated with the shift of the goldstino and the corresponding super-Higgs effect, so they did not pose the question whether (for a suitable choice of the parameters) their action can still be supersymmetric even when the goldstino field is gauge fixed to zero.
Discussion and outlook
We have derived the minimal model describing the spontaneous breaking of pure N = 1, D = 4 supergravity induced by a space-filling 3-brane which carries the Volkov-Akulov goldstino on its worldvolume and provides a tunable constant contribution to the cosmological constant which can be made positive. To the quadratic order in goldstino, the action coincides with previous constructions using constrained goldstino superfields [4, 5] . We have also shown that this action is equivalent to the Volkov-Soroka model [10, 11] in the unitary gauge in which goldstino vanishes.
This model is very naturally formulated in superspace and is based on the fact that the Volkov-Akulov goldstini can be associated with the fluctuations of branes along Grassmann-odd directions in superspace. In this framework the model can be directly generalized to describe manifestly supersymmetric coupling of the Volkov-Akulov goldstino to more complicated supergravity-matter systems. For instance, one can consider a supergravity interacting with chiral scalar and vector supermultiplets described, respectively, by superfields Φ(z) and V (z). These fields can couple to the 3-brane via their pull-back to the brane worldvolume. A straightforward generalization of action (1.1) for such a system is
where
] is a real gauge-invariant function of the pull-backs of bulk superfields and their derivatives, while the first two terms describe the standard coupling of supergravity to matter fields with a Kähler potential K, a superpotential W and a complexified gauge coupling g(Φ). When reduced to the component field action, eq. (4.1) should produce an alternative description of matter coupled supergravity with constrained superfields considered e.g. in [5, 7, 63, 64, 65, 9] .
This framework allows to construct quite general Lagrangians which should provide, in a more direct way, low-energy effective field theories for string compactifications with antibrane induced supersymmetry breaking. For instance, in KKLT-like scenarios, one may start from a generalization of (4.1) including additional worldvolume fields ϕ(ξ), A i (ξ) etc. and match the brane term in (4.1) with what one obtains by dimensional reduction of the action of a probe anti-D3-brane sitting on an orientifold. In particular, the lowenergy 3-brane tension f 2 would be proportional to e 4A 0 T D3 , where T D3 is the microscopic anti-D3-brane tension and e A 0 is the warp-factor of the ten-dimensional solution at the position of the probe anti-D3-brane. As emphasized in [31] , in order to get a sufficiently small effective 3-brane tension and make the low-energy effective field theory trustable, e A 0 must be strongly suppressed compared to the average value of the warping along the compactification space.
Notice that such an approach to match the four-dimensional effective theory with the KKLT-like microscopic configuration would be based on the assumption that the action of a probe anti-brane captures the relevant physical information to derive the appropriate four-dimensional effective theory describing the fully back-reacted configuration. In the recent years, starting with [66] , the validity of such constructions has been under discussion, see e.g. [67, 68] for a recent review of this problem and references therein for more details. The supersymmetric models that can be constructed with the use of the back-reacting Volkov-Akulov brane considered in this paper may be useful for tackling this issue from the perspective of the four-dimensional low-energy effective theory.
A Notation and conventions
We use the two-component Weyl-spinor formalism with the relativistic Pauli matrices σ a βα = ǫ βα ǫαβσ aβα obeying
where η ab = diag(1, −1, −1, −1) is the Minkowski metric and ε abcd is the totally antisymmetric tensor with ε 0123 = 1 = −ε 0123 . We rise and lower the spinorial indices θ α = ε αβ θ β and θ α = ε αβ θ β with the use of ε αβ = −ε βα = −ε αβ obeying ε αβ ε βγ = δ γ α . The indices are contracted as follows
The antisymmetrized products of the Pauli matrices
are, respectively, imaginary-self-dual and imaginary-anti-self-dual,
Some other useful properties are:
The constraints on the torsion (the differentials act from the right)
In these expressions G a (z) and R(z) = (R(z)) * are so-called main off-shell superfields of N = 1 D = 4 supergravity, which obey a number of relations including
If we collectively denote the fermionic coordinates by ϑμ = (θ µ ,θμ), the lowest ϑ = 0 components of these superfields are the auxiliary fields of minimal supergravity multiplet, which we will denote by the same symbol,
Notice that our covariant derivatives are defined from the following decomposition of the covariant differential
Since complex conjugation interchange the order of fermionic entities, this implies
The complete set of the main superfields also includes the symmetric spin-tensor W αβγ := 4σ ab(αβ T ab γ) and its complex conjugateWαβ˙γ = −4σ ab(αβ T abγ ) which are chiral
and obey the relations
The symmetric part of the non-vanishing Grassmann covariant derivative of W αβγ produces the superfield generalization of the irreducible (spin-tensor) components of the Weyl tensor
and its c.c.,
The superfield curvature is defined in terms of the main superfields as follows
and
The form of the curvature is obtained by solving the Bianchi identities
Note that in the chosen form of the torsion constraint (B.2a) containing non-zero T c bc components, the lowest component of the superfield connection Ω A B is related to the conventional supergravity spin connection
as follows
(B.14)
So, e.g. for an arbitrary spinor superfield
is a conventional covariant derivative acting on the component supergravity fields.
C Lowest components of superfields R,R and G a in terms of space-time fields
One of the characteristic properties of the Wess-Zumino gauge is that, with the help of the supergravity constraints and their Bianchi identities, higher components of superfields can be written as lowest components of the fermionic covariant derivatives of these superfields. In particular, the first terms in the ϑ decomposition of the superfields R,R and G a , which we need to solve equations (2.17a)-(2.17c) for E a , are
These expressions still cannot be used straightforwardly. First of all one should decompose covariant derivatives of the superfields on irreducible parts and identify them. The fermionic derivatives of the main off-shell superfields are expressed bȳ
through the superfield generalization of the fermionic equation of supergravity (see (2.22c))
where recall that
is the lowest component of the fermionic superspace torsion and
The second term in (C.1b) is expressed through the bosonic derivative of the lowest component of the chiral superfield R as
Furthermore, using the consequences of the supergravity constraints we obtain, in particular, that
where the lowest component of (C.8) is expressed in terms of the irreducible part of the Weyl tensor superfield (B.8)
To obtain a more explicit expression in terms of space-time fields, D α G a | 0 and W βγδ | 0 should be specified with the use of (C.2) and (C.7).
Some expressions for the second Grassmann derivatives of G a and R are also useful. Using (B.3b) and (B.3a), after some algebra with covariant derivatives we find
so that D α D α G a | 0 andDαDαG a | 0 can be calculated using (C.6). Next, usinḡ
and equation (B.3b) we find that
To obtain the final expression for the lowest componentDαD α G ββ | 0 in terms of spacetime fields we have to take into account that
Finally,
where L SG is the component field Lagrangian for minimal N = 1, D = 4 supergravity with zero cosmological constant
D Supersymmetry transformations preserving the WessZumino gauge
The parameters ε M (x, θ,θ) = z M − z ′M and L ab (z) of the infinitesimal superdiffeomorphism and local Lorentz transformations
z) which preserve the Wess-Zumino gauge (2.8) should obey the following system of equations
where remember that ϑμ = (θ µ ,θμ). Equivalently, as we did for finding the θ-expansion of the supervielbein, one can perform the re-scaling ϑ → tϑ and write (D.1) as an equation for derivative in t,
It is easy to see that these equations do not fix the lowest component of the superfield parameters, i.e.
a (x, 0) remains free and correspond to the gauge symmetries of spacetime formulation of supergravity. In particular, ǫ α (x) can be identified as the parameter of local spacetime supersymmetry.
To obtain the local supersymmetry transformation of the goldstino,
we need to know the expressions for higher order terms in the decomposition of the superfield parameter ǫα(x, ϑ) in the superspace Grassmann coordinates. These can be found by solving eqs. (D.2) for ι ǫ E A := ǫ N E A N and then finding ǫ N (z) using the inverse of E A N . To this end we should know the explicit form of the ϑ-decomposition of the supervielbein in the WZ gauge. Below we will present the expansion of ǫα(x, θ,θ) up to the second order in θ,θ.
With our choice of the supergravity constraints, eqs. (D.2) take the form
To find the supersymmetry transformation with the independent parameter ǫα it is enough to solve (D.5a)-(D.5d) with ǫ a (x) = 0 =L ab (x)
It is easy to find the solution up to the third order in θ
which requires the knowledge of ι ǫ E α to the second order in θ
whose derivation, in its turn, requires to knowL αβ up to the first order
To find the expressions for ǫ M (x, θ,θ) one can first calculate the inverse supervielbein matrices, which up to the first order in the fermionic coordinates have the following form With some more efforts one can determine the form of the supersymmetry transformations to all orders in ϑ.
E The decomposition of the supervielbeins in the Majorana spinor representation
For completeness, we give the generic form of the expansion of the supervielbeins E A (x, ϑ) in series of the Majorana spinor coordinates ϑα = (θ α ,θα) in the Wess-Zumino gauge obtained by adopting the same approach used in [55] .
The gamma-matrices are constructed with the Pauli matrices in a conventional way The superspace 2-form curvature obeys the following constraints
Using the form of the constraints (E.3)-(E.4) and their Bianchi identities (B.12) one gets the following ϑ-expansion of the supervielbeins Eα = ψα + Eα (1) + Eα (2) + Eα (3) + Eα (4) + Eα (5) , (E 
